Abstract -The paper focuses on natural ventilation systems in new buildings. There is particular interest in heat energy consumption and indoor air quality with different ventilation possibilities. Indoor air quality measurements during different ventilation solutions were conducted in a new apartment building. The results of this paper show that, by applying some common ventilation solutions, the consumption of heat energy for heating the cold incoming air can reach up to 0,86 MWh/month in a 10 m 2 room in the coldest months of winter.
I. INTRODUCTION
Heat energy in apartment buildings usually is consumed for many reasons: to cover heat losses through the building envelope, to prepare hot water, and to heat air that flows into the building, thus providing fresh air. This article focuses on indoor air quality and the energy needed to heat incoming fresh air. The air has to be heated only in the winter period, which, in Latvia, is approximately 203 days [1] .
It is very important to have fresh air indoors because it is one of the key components for the well-being of people situated in the building. It is also important, however, to consume as little energy as possible for heating the fresh incoming air. Therefore there are many standards, which regulate the minimal amount and quality of fresh air required indoors so that people indoors do not feel any ill effects of bad air quality and the energy consumption for heating the incoming air is minimal.
The main indoor air quality requirements are meant for air temperature, air humidity and CO 2 content in air. Depending on the season, thickness of clothing and human activity (metabolic rate), the indoor air temperature should be in the range of 18 -24 o C [3, 4, 5, 6, 7] . Indoor air humidity depends on many factors but usually it should be kept in the range of 30 -70 % [8, 9, 7, 10] . One very important factor of indoor air quality is its CO 2 content. CO 2 indoors is introduced by human breathing, gas stove burning and other processes. Outdoor CO 2 content is approximately 400 ppm, which is greater in densely populated areas. Indoor CO 2 content requirements usually are described in two ways:
1. Total indoor CO 2 content; 2. CO 2 content above the outdoor CO 2 level.
The desirable CO 2 level in buildings is from 350 to 1000 ppm above the outdoor level [5] . At this CO 2 concentration no ill effects can be felt. Only at CO 2 levels that exceed 10000 ppm do humans start to feel some effects that affect their health [11, 8, 12] .
From the point of view of indoor air quality, it would be advisable to keep the air change rate in buildings as high as possible. In this case, CO 2 levels in buildings would be optimal for human health, but this would mean that, in the winter, the energy spent on heating the incoming air would be very large and expensive. In this study measurements and calculations were done to understand how different ventilation solutions in a new apartment building affect indoor air quality and the amount of heat energy needed for incoming air. By doing this, it was possible to find the optimal ventilation solution for this type of building.
II. STUDIED BUILDING
The building studied is situated in Riga. It was built in the year 2008. The building has 9 floors and is constructed of three-layer concrete panels with heat insulation in the middle layer. The building is constructed with airtight double-glazed windows in a plastic frame. The building has only natural infiltration and because the windows are airtight, there is an adjustable round air inlet beside every window. The diameter of the air inlet is 80 mm and it is equipped with a plastic cover that has an incorporated air filter (see Fig.1.) .
All windows can also be opened in the so-called winter ventilation, when the handle of the window is turned upright at a 45 degree angle and a narrow slit around the window is formed where the fresh air can flow inside.
A typical room was chosen for conducting measurements in this building. This room had to conform to the following requirements:
1. During all measurements, the number of inhabitants has to always be the same; 2. The room has to be small enough to ensure uniform CO 2 distribution; 3. The room has to be equipped with an automatic temperature control system. A bedroom on the 6 th floor was chosen for the measurements. There was one person using this room, which ensures that the CO 2 gains from breathing would be the same during all the measurements. The room is only 10 m 2 and the height of the room is 2,55m, which ensured uniform CO 2 distribution in the room, which is very important for calculations. The temperature in this room is controlled by an automatic thermostatic valve on the radiator. There is one window (125x130 cm) and one balcony door (82x210 cm) in the room. Both -window and balcony door -can be opened in the winter ventilation regime.
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III. MEASUREMENTS AND CALCULATION METHODS
Measurements were made to understand how different ventilation solutions affect indoor air quality and heat energy consumption. During these measurements, the indoor air temperature, air humidity and CO 2 level were measured. The results of the measurements were logged at 1 minute intervals. Typical measurements lasted for one day. This was enough to obtain the indoor air quality parameters and to have enough data to calculate the air change rate in the room studied and the energy needed for heating inflowing air.
In total 6 ventilation possibilities were measured. All of these ventilation solutions can be and are used in every-day conditions. The following ventilation possibilities were subjected to measurements: 6. balcony door and air inlet closed, window -winter ventilation (7 th measurement). The first type of ventilation solution was measured twice because in this room this was the typical ventilation solution and it was done to see how outdoor air temperature affects air change rate and indoor air quality.
Measurements were made by beginning measurement in the evening, when the inhabitant of the apartment was in the measured room. In the morning, the room was left empty and the measurement ended the following evening, so that one measurement takes about 24 hours. Measurements were started when the inhabitant of the room came into the room. Some exceptions were made for the last two measurements, which lasted less than 24 hours (during these measurements the inhabitant of the room was awake).
During the measurements thermography was used to visualize cold incoming air and to monitor the average temperature of the radiator.
CO 2 measurements were done with Telaire 7001D, temperature and relative humidity measurements were made with HOBO U12-012 data loggers and thermography pictures were taken with a Fluke Ti30 thermal imager.
An important part of this study was to understand how the previously mentioned ventilation solutions affect the amount of energy needed for heating incoming air. This can be done by calculating the air change rate and afterwards calculating the amount of energy used for heating the air. The air change rate was calculated according to LVS EN ISO 12569:2000 "Thermal performance of buildings. Determination of air change in buildings. Tracer gas dilution method". In this ISO standard two methods for calculating air change rate by using CO 2 measurements are described:
1. tracer gas concentration reduction method; 2. constant tracer gas concentration method. In this particular case some adjustments of these methods had to be made because of the background concentration of CO 2 .
The first calculation method (tracer gas concentration reduction method) is used when initially there is high CO 2 concentration in the room and there are no CO 2 sources in a room (this happens after a person leaves the room). In this case the rate of CO 2 concentration reduction is monitored. By knowing the rate of CO 2 concentration reduction it is possible to calculate the air change in the room:
where n av -air change rate, h -1 ; C(t 1 ) -CO 2 level in the beginning (with subtracted background CO 2 level), ppm; C(t 2 ) -CO 2 level in the end (with subtracted background CO 2 level), ppm; t 2 -t 1 -time between CO 2 level measurements, h.
In both calculation methods, the CO 2 level has to be adjusted because of the background CO 2 concentration. During this study, measurements were carried out and the background or the outdoor CO 2 level was determined.
The second method (constant tracer gas concentration method) is used when the CO 2 level in room stabilizes and this happens some time after a person has been in the room. By knowing the CO 2 level and the amount of CO 2 that flows into the room it is possible to calculate the air change rate.
where V tra -amount of CO 2 inflow, m 3 /h; C targ -CO 2 concentration (level) in room; V -volume of the room, m 3 . When the air change rate of the room is known, it is possible to calculate energy needed for heating incoming air: In this case, the tracer gas concentration reduction method is more precise than the constant tracer gas concentration method because, for the second method, the exact amount of CO 2 inflow in the room must be known, which is difficult in this case as the amount of CO 2 exhaled by humans varies in quite a wide range. In this study the first method (tracer gas concentration reduction method) was used whenever possible but in some cases only the second method (constant tracer gas concentration method) could be used. Therefore, the results of the first method were used to determine the amount of CO 2 exhaled by the inhabitant of the room studied. The amount of exhaled CO 2 was chosen in such way that the results using both calculation methods give the same air change rates.
IV. RESULTS
Due to the fact that the air change rate of buildings is affected by the outdoor conditions (in winter, the main criteria is outdoor temperature), all the results are valid in the range of outdoor temperatures, which were measured during the measurement phase of this study (see Fig.2.) .
The vertical lines in Fig.2 . separate the 7 measurements that were made. The total time of these measurements was 6 full days.
Outdoor temperatures during the measurements were in the range from -2 o C to -12 o C. These kinds of temperatures occur in the coldest part of the winter in Latvia. 
A. Temperature measurement results
In Fig.3 . the indoor temperatures during the measurements can be seen. In the indoor air temperature measurement chart, two temperature lines can be seen. The upper line is from the temperature logger situated at a height of 0,5 meters and the lower temperature line is from the temperature logger, which was placed on the floor (for the first measurement both temperature loggers were placed at a 0,5 meters height). It can be seen that the temperatures at the floor level are lower than at the height of 0,5 meters. Table I shows the average temperatures in the room and the temperature difference between the two temperatures.
As can be seen from Fig.3 . and Table I , the largest temperature differences were more than 1 o C. This kind of temperature difference can lead to discomfort in the room because the temperature distribution is not uniform in the room. It can also be seen from Fig. 3 . that temperatures are following a sinusoidal line. This kind of temperature behavior can be explained by the correct functioning of the automatic thermostatic valves that have been installed on the radiators in the building. Non-sinusoidal temperature lines can be seen in the 3 rd measurement (balcony door in winter ventilation). This is due to the fact that the amount of air inflowing in the room is so large that the installed radiator does not have enough power to heat the incoming air. This was also proven by thermography, which was conducted to measure temperature on the surface of the radiator. With the typical ventilation solution (1 st measurement), the average temperature on the radiator surface was 32 o C, but in the 3 rd measurement, the average temperature on the radiator surface was 55 o C, which corresponds to the temperature of the heat carrier in the heating system of the building.
In the fourth measurement air temperature lines for some while are constant. This is because in the maximally reduced air inflow scenario, the thermostatic valves close the radiator in the room and practically no heat energy is sent through the radiator. The average surface temperature on the radiator during this measurement was 22 o C. All indoor air temperature measurements showed that it is possible to ensure satisfactory temperature levels for all ventilation solutions.
B. Relative air humidity measurement results
Relative air humidity was also measured. Results of these measurements are shown in Fig. 4 . Indoor air humidity is strongly dependant on outdoor air humidity and outdoor temperature (the colder and dryer the outdoor air, the lower the indoor air humidity). As can be seen, the lowest indoor air humidity is 15% (during the 3 rd and 7 th measurements). This is due to the increased air change rate during these measurements. The highest air humidity is only 34%, which is the lowest satisfactory air humidity level. This means that during the coldest part of winter in Latvia, the indoor air should be humidified. The person living in the apartment, where the measurements were carried out, complained about a sore throat, which is one of the symptoms of dry air. From Fig. 4 . it can also be seen that during each measurement, the relative air humidity varies. This is because, in the beginning of conducting the measurements, the room had one person in it, but in the middle of the measurement, the person left the room and no more humid air was injected in the room (human breathing humidifies air).
C. CO 2 measurement results
The main part of this study was aimed at CO 2 levels in the room, because using the results of CO 2 measurements it is possible to calculate the air change rate in the room and the energy needed to heat inflowing air. CO 2 measurement results can be seen in Fig.5 . From Fig.5 . one can see that the CO 2 levels are in the optimal range during all measurements except in the 4 th measurement with the maximally-reduced ventilation. It is important to remember that there was only one person in the room during these measurements. In these measurements it can clearly be seen when the person is at home (increasing and stabilized CO 2 levels) and when there is no one in the room (decreasing CO 2 levels).
As mentioned previously, the air change rate was calculated by using two calculation methods. The more exact method, which uses decreasing CO 2 level measurements, was used to determine the air change rate for the 1 st , 2 nd , 4 th , 5 th and 6 th measurements. For the 3 rd and 7 th measurements, the less exact method had to be used because there is no phase of measurement, where the CO 2 level in the room would decrease according to the way it is needed for the more exact method (this is because of the rapid air change that occurred during 3 rd and 7 th measurements). By using the 1 st , 2 nd and 5 th measurements, the amount of CO 2 exhaled while sleeping and by using 6 th measurement amount of CO 2 exhaled while awake by the inhabitant of the room studied was calculated. The amount of exhaled CO 2 while sleeping was used to determine the air change in the 3 rd measurement, and the amount of exhaled CO 2 while awake was used to determine the air change rate in the 7 th measurement (the person in the room was sleeping during the 1 st , 2 nd , 3 rd and 5 th measurements and was awake during 6 th and 7 th measurements). Calculations showed that the CO 2 exhaled while asleep is 13,75 l/h (0,01375 m 3 /h) and while awake -16,9 l/h (0,0169 m 3 /h). In a literature review it was found that, during normal activity, humans exhale approximately 400 liters of CO 2 in a 24 hour-period or 16,67 l/h. By using equations (2) and (3) 
As the results from the equation demonstrate, the CO 2 level at 12:40 was 1192 ppm and at 16:47 it had fallen to 598 ppm. The outdoor CO 2 level measurements showed the CO 2 level to be 460 ppm.
A calculation sample for the 3 rd measurement, which used the second method, is given as follows: As demonstrated in the calculation, the average stabilized CO 2 level in the room during the 3 rd measurement was 574 ppm, CO 2 inflow was 0,01375 m 3 /h because the person in the room was sleeping.
The results of the air change rate calculations are summarized in Table II. First method -tracer gas concentration reduction method Second method -constant tracer gas concentration method
As the figures in Table II illustrate, the air change rate in the studied room varies from 0,24 h -1 to 4,73 h -1 . As Fig. 5 .
shows, in this case it is enough with an air change rate that is 0,4 h -1 to achieve good air quality. If either window or balcony doors are opened in the winter ventilation mode, the air change rate escalates and the CO 2 levels decrease near outdoor CO 2 levels.
By knowing the air change rate for all ventilation solutions and by using the equation (3) it is possible to calculate the power needed to heat the inflowing air. In this calculation, the outdoor air temperatures were applied according to the average outdoor temperatures from Fig. 2 
The results of all calculations are shown in Table III . Power needed for heating inflowing air, W air extraction stacks are clean and make it possible for the air to circulate through the building. If a proper ventilation solution would be appplied (1 st ventilation solution) in the room studied, the costs for heating inflowing air would be 2,99 Ls/month. Furthermore, as Fig. 3 . shows, in this case the indoor air temperature would also be higher than in the case when 37,97 Ls/month are spent to heat the inflowing air.
V. CONCLUSIONS
This study showed that in the building studied the indoor air quality can vary in quite a wide range. During the coldest part of the heating season it is advisable to humidify indoor air because the relative humidity can go down as much as 15%, which can cause problems and illness to human breathing organs.
Indoor air temperatures in the building studied for all ventilation solutions were satisfactory (lower temperatures were measured when the window and balcony doors were in the winter ventilation mode).
Satisfactory indoor CO 2 levels were measured for all but one ventilation solution. As expected, if ventilation is drastically reduced, CO 2 levels exceed the recommended levels. But even in that case, there is a very small possibility of any ill effects being caused as a result of increased CO 2 levels in the room.
If the windows or balcony doors are opened in the winter ventilation mode, the costs for heating the inflowing air can reach up to 38 Ls/month.
The results should be similar for new apartment buildings that are built in Latvia in the last 5 to 7 years.
The results of this study suggest that there is a need for mechanical ventilation systems in newly-built apartment buildings because improper choice of a ventilation solution in a naturally-ventilated building can lead to increased heat consumption and higher heating payments in these buildings.
